Phylogeographic studies of flora in species-rich south-western Australia point to complex evolutionary histories, reflecting patterns of persistence and resilience to climatic changes during the Pleistocene. We asked whether coastal areas of the mid-west and south, as well as granite outcrops and inland ranges, have acted as major refugia within this region during Pleistocene climatic fluctuations by analysing phylogeographic patterns in the shrub Calothamnus quadrifidus R.Br. (Myrtaceae). We determined variation in chloroplast DNA data for 41 populations across the geographic range. Relationships and major clades were resolved using parsimony and Bayesian analyses. We tested for demographic and spatial expansion of the major clades and estimated clade divergence dates using an uncorrelated, lognormal relaxed clock based on two conservative chloroplast mutation rates. Two distinct phylogeographic clades were identified showing divergence during the Pleistocene, consistent with other phylogeographic studies of south-west Australian flora, emphasising the impact of climatic oscillations in driving divergence in this landscape. The southern clade was more diverse, having higher haplotype diversity and greater genetic structure, while the northern clade showed evidence of fluctuation in population size. Regions of high haplotype diversity with adjacent areas of low diversity observed in each clade indicated the locations of two coastal refugia: one on the south coast and another along the mid-west coast. This is the first evidence for major Pleistocene refugia using chloroplast genetic data in a common, widespread species from this region.
INTRODUCTION Phylogeographic studies at the intraspecific level can reveal important aspects of the evolutionary history of species, including areas of refugia during times of climatic stress and areas of expansion that may occur under favourable conditions. Refugia are habitats that species contract to when environmental conditions are unfavourable elsewhere in their range and potentially expand from when those conditions improve (Keppel et al., 2012) . Refugia have intrinsic conservation value, because they enable the persistence of species during periods of unfavorable environmental conditions, promote genetic diversification and often contain rare taxa or genotypes (Ashcroft et al., 2012) . Hence, the location of refugia and their role in facilitating the diversification and persistence of species throughout Pleistocene climatic oscillations have been broadly studied (see Keppel et al., 2012) . Many of these studies have focused on glaciated landscapes of the Northern Hemisphere where broad geographic regions have acted as major refugia for a range of plants and animals during the glacial cycles of the Pleistocene, such as in the temperate regions of Europe and North America (see Hewitt, 2000 Hewitt, , 2004 . However, an increasing number of studies are investigating how species respond to climatic shifts in the Southern Hemisphere (see Beheregaray, 2008) . Studies of species found in non-glaciated landscapes with subdued topography and geological stability, such as southwestern Australia, have also revealed strong phylogeographic signals but have identified long-term persistence in localised refugia as the major factor in facilitating persistence of species through climatic change (for example, Byrne, 2007; Byrne et al., 2008 Byrne et al., , 2011 . This pattern of localised refugia is quite different to the contraction and migration from major refugia that is a common pattern in Northern Hemisphere glaciated landscapes.
The south-west of Western Australia (herein the Southwest Australian Floristic Region (SWAFR) sensu Hopper and Gioia, 2004 ) is a global biodiversity hotspot well known for the high diversity and endemism of the flora, a result of long evolutionary history in a highly stable landscape that has not been glaciated since the Permian (Hopper, 1979; Myers et al., 2000) . The flora also shows high levels of genetic diversity and differentiation among populations in both restricted and widespread species. This genetic structuring has been attributed to complex edaphic patterns that leads to a mosaic of vegetation types and can drive localised selection, along with the influence of Pleistocene climatic fluctuations associated with Milankovitch cycles. Intraspecific phylogeography has highlighted the complex evolutionary history of species in the SWAFR, including divergence of northern and southern clades that is hypothesised to have been driven by major contraction during climatic changes associated with the onset of aridification and formation of desert environments in the mid-Pleistocene (Byrne, 2008; Fujioka et al., 2009) . Patterns within the intraspecific phylogeographic clades indicate different responses in the late Pleistocene, with evidence for multiple localised 'micro' refugia dispersed throughout species distributions with haplotypes specific to populations and no signal of expansion in most species (Byrne et al., , 2011 Byrne, 2008) . Interestingly, these intraspecific phylogeographic studies have not documented regions of major refugia where species have contracted to during arid conditions and expanded from during times of more favourable climate, as would have been expected if large-scale contraction to major refugia was a primary response to climate change (Keppel et al., 2012) .
Major areas of species richness and endemism occur in edaphically complex heathlands where the transitional rainfall zone intersects the west and south coastal areas (Hopper, 1979; Hopper and Gioia, 2004) . These areas would experience moderating influences of maritime conditions and have been postulated to have provided sufficiently heterogenous yet broadly climatically stable environments to foster persistence and diversification of genera and species through time (Hopper, 1979) . These areas of species richness and endemism have been hypothesised as areas that have remained habitable during Miocene and Pliocene aridification, and would also be predicted to represent major refugia during Pleistocene climatic fluctuations, where populations of species could contract to during arid conditions and expand from in more suitable mesic conditions (Keppel et al., 2012) . Topographical features, such as ranges and granite outcrops, may also provide sufficient environmental complexity for populations of species to persist through Pleistocene climatic fluctuations and expand from during later suitable climatic conditions (Gardner, 1944; Marchant, 1973; Hopper, 2000) .
Phytogeographic and geomorphological data would thus suggest areas with features consistent with a role as major refugia during Pleistocene climatic fluctuations, yet localised refugia is the common pattern in many species of southern Australia, including the Southwest Australian Floristic Region (Byrne, 2007; Byrne et al., 2008 Byrne et al., , 2011 . The lack of identification of areas of major refugia may be because most of the studies undertaken to date have not investigated species with widespread distributions that cover the western and southern coastal regions and inland areas, including ranges and granite outcrops. By selecting a species with a widespread distribution that encompasses these areas, we have an opportunity to test hypotheses that coastal areas, inland ranges and granite outcrops have had a role as major refugia in this biodiversity hotspot.
Calothamnus quadrifidus R.Br. (Myrtaceae) provides the opportunity to investigate phylogeographic signatures of refugia as it is widely distributed from Shark Bay in the north to Esperance in the south-east and inland to granite outcrops and ranges in the semiarid region. C. quadrifidus forms a dominant component of many Major refugia in a biodiversity hotspot H Nistelberger et al vegetation communities in the SWAFR, being only absent from the wetter areas of the south-western forest. This distribution covers northern and southern coastal regions, as well as inland granite outcrops and ranges that show high levels of species richness and endemism (Hopper and Gioia, 2004) .
We investigated phylogeographic patterns in C. quadrifidus to test the hypothesis that coastal areas of the mid-west and south, and topographic features such as granite outcrops and inland ranges, have acted as major refugia where species have contracted to, and expanded from, during Pleistocene climatic fluctuations. Major refugia would be expected to harbour high diversity of haplotypes as a result of persistence of populations over time in conjunction with low haplotype diversity in surrounding areas where expansion has occurred. Alternatively, signatures of haplotypes specific to populations with no signal of expansion would indicate a pattern of persistence in localised 'micro' refugia without major contraction/ expansion dynamics. We also determined climatic variables associated with the current distribution and modelled the species distribution at the Last Glacial Maximum (LGM) to determine whether coastal areas would be predicted to have maintained suitable environments for persistence of the species.
MATERIALS AND METHODS

Study species
C. quadrifidus is a widespread diploid woody shrub, 2-3 m in height with a generation time of around 50-70 years. It is mass-flowering with multiple inflorescences comprised of 10-30 hermaphrodite red flowers that are protandrous and pollinated by birds, honey possums or honeybees and geitenogamous pollination is possible. The species is serotinous, retaining fruit on the plant for up to 4 years, and the seed is very small and gravity dispersed. C. quadrifidus grows in low open heath and shrubland vegetation that is patchily distributed, forming complex landscape mosaics with woodlands and mallee vegetation. The species distribution is centred in the mesic SWAFR, but it can tolerate some degree of water stress as it extends to the sandplains and gorges of Kalbarri and Shark Bay in the north while on its inland boundary it is largely restricted to water-gaining sites around granites and greenstone ranges.
The species has been recently revised and is now considered to consist of eight closely related subspecies that have overlapping geographic ranges (George and Gibson, 2010) (Figure 1b) . Samples from all subspecies of C. quadrifidus were obtained across the geographic range of the species from 41 different populations (Table 1, Figure 1 ). The sampling regime did not sample from regions of overlap between subspecies except for the Peak Charles population where two subspecies co-occur. Samples of the closely related species C. sanguineus Labill and C. rupestris Shauer were collected for outgroups.
DNA isolation and identification of cpDNA variation DNA was extracted from fresh leaf material following the methods outlined in Byrne and Moran (1994) . The level of variation for 13 non-coding regions of the chloroplast genome has been tested in six plant species from south-west Western Australia, including C. quadrifidus (Byrne and Hankinson, 2012) . Three of the most polymorphic regions (D4 loop introns rpl16 and petB; intergenic spacer trnQ-rps16) were selected for amplification using the PCR on DNA from five plants from each population of C. quadrifidus. PCR reactions were carried out in individual, non-mulitplexed 50-ml volumes containing 40 ng of template DNA, 0.08 mM of rpl16 and PetB primers (F71, R1516; sak23F, sak24R, respectively) and 0.1 mM of trnQ-rps16 primers (trnQ, rps16), 1.5 mM MgCl 2 for rpl16 and PetB and 3 mM for trnQ-rps16, 0.3 U of Taq polymerase (Invitrogen, Perth, WA, Australia) for rpl16 and PetB and 0.5 U for trnQ-rps16. The optimum amplification protocol involved an initial hot start of 5 min at 80 1C followed by 30 cycles of 95 1C for 1 min, 50 1C for 1 min and 65 1C for 4 min, with a final extension step of 65 1C for 5min. PCR products were purified using a polyethylene glycol precipitation method (Travis Glenn, University of South Carolina, Columbia, SC, USA). Purified PCR products (2 ml) were then quantified on a 2% agarose gel with 2 ml of low mass molecular marker (Invitrogen), using the Genetools software (Syngene, Cambridge, UK). Sequencing reactions (1/4) were carried out in 10-ml volumes containing 1 ml of 5x Big Dye Terminator buffer, 2 ml of Big Dye Terminator, 1 ml of 2 mM primer for rpl16 (sak16F) and petB (sak23F) and 1.6 ml of 2 mM trnQ primer and 40 ng of polyethylene glycol purified, template DNA. Cycling conditions involved an initial hot start of 96 1C for 2 min followed by 35 cycles of 96 1C for 10 s, 50 1C for 5 s and 60 1C for 4 min. Sequenced products were cleaned before electrophoresis using a standard ethanol precipitation method (Applied Biosystems, Mulgrave, VIC, Australia) and sequenced on an ABI 96-well capillary sequencer (Murdoch University, Perth, WA, Australia).
Restriction fragment length polymorphism (RFLP) analysis was also undertaken in order to enable comparison of this study with previous studies in this landscape that have utilised cpRFLP methodology (see Supplementary Information).
Data analysis
Sequence data were aligned using Clustal W in BioEdit (Hall, 1999) and finalised by eye. The three chloroplast regions were combined to form a total aligned sequence length of 1948 bp. We estimated evolutionary relationships and time to the most recent common ancestor of all sequence haplotypes using a Bayesian approach implemented in BEAST ver. 1.6.2 (Drummond and Rambaut, 2007) . Data were partitioned into outgroups (Calothamnus rupestris, CRUP, and Calothamnus sanguineus, CSAN) and the ingroup. Initially, the substitution model was set to GTR þ G as inferred from jModelTest (Posada, 2008) with the coalescent tree prior set to Constant Size; however, this model was found to be too parameter-rich for the data set and prevented stationarity from being reached despite extensive chain lengths. Consequently, we used the lower parameter HKY þ G model that resulted in faster convergence of runs. As no fossil evidence or geological events were available to calibrate a molecular clock, we used two mutation rates commonly reported for chloroplast plant genes (1.2 Â 10 À9 (Graur and Li, 2000) and 2.0 Â 10 À9 substitutions per site per year (Wolfe et al., 1987) ) and assumed an uncorrelated lognormal relaxed clock to estimate divergence times based on our combined, non-coding cpDNA sequence data. Two independent runs of 10 million generations were carried out, sampling every 1000 generations. The log files were analysed in TRACER ver. 1.5.0 (Drummond and Rambaut, 2007) to ensure stationarity had been reached. This was achieved by both visual inspection of the traces and by ensuring the effective sample sizes for all parameters exceeded 200. Tree files were combined in LogCombiner ver. 1.6.2 (BEAST package) and the combined tree file annotated using TreeAnnotator ver. 1.6.2 (BEAST package) and visualised in Figtree ver. 1.3.1.
A maximum parsimony median-joining haplotype network of sequence data was also generated in Network ver. 4.5.1.6 (Fluxus Technology, Suffolk, UK), because networks often provide a more useful method of visualising intraspecific data with low levels of divergence (Templeton et al., 1992) . Indels of varying length were treated as one character of equal weight to all other substitutions, epsilon was set to 0. To confirm topology, we also calculated a haplotype network using a statistical parsimony method implemented in TCS ver. 1.21 (Clement et al., 2000) .
Descriptive statistics, including nucleotide diversity and haplotype diversity, were estimated using DnaSP ver. 5.10 (Librado and Rozas, 2009 ). Estimates of G ST and N ST were calculated in PERMUT ver. 1.0 (Pons and Petit, 1996) to provide a measure of phylogeographic structure. Tests of neutrality, which also provide useful measures of population growth, decline or stability, Tajima's D (Tajima, 1989) and R 2 (Ramos-Onsins and Rozas, 2002) were calculated across all C. quadrifidus samples and within major clades to examine whether sequence data fit the assumption of neutral evolution (Tajima, 1989) and to determine whether any patterns of haplotype expansion or contraction were evident. Patterns of population growth or stability under a neutral evolution model were tested using coalescent simulations permuted 10 000 times in DnaSP. To further test clade expansion, both spatial and demographic, we conducted mismatch distributions that compare the observed and expected pairwise sequence differences in ARLEQUIN ver. 3.5 (Excoffier and Lischer, 2010) . Goodness-of-fit tests using Harpending's raggedness index (HRag) and the sum of squared differences (SSD) were used to test each model.
Species distribution modelling
Modelling the current climatic envelope of C. quadrifidus was undertaken using 2.5-min grids (B5 km 2 ) of 19 bioclimatic variables available from WorldClim based on the period 1950-2000 (Hijmans et al. 2005) . Bioclimatic variables at the LGM were taken from WorldClim and were developed from the Paleoclimate Modelling Intercomparison Project Phase II-CCSM LGM model. The species distribution data for C. quadrifidus was extracted from the Western Australian Herbarium database. Some 804 records were available, for (Phillips et al., 2006) using 20 000 background points selected from the southwest of WA with the inland boundary approximating the 250 mm rainfall isohyet. These background points were generated from the WorldClim grids using the method outlined in Appendix 4 of the supplement of Elith et al. (2011) to correct for the decreasing size of geographical grids with increasing latitude. The model was run using the defaults except that only hinge features were used to ensure smooth response curves. In addition, response curve graphs and jack knife estimates of the contribution of different bioclimatic variables were also generated. The model was projected to LGM conditions using the CCSM bioclim grids.
RESULTS
Haplotype variation
Chloroplast sequence analysis showed variation in all three intergenic spacers used. Sequencing of 414 bp of the rpl16 D loop intron identified four transitions, one multi-state substitution and two indels in C. quadrifidus samples. The petB D loop intron yielded 656 bp of sequenced product, with six transitions, five transversions and six indels detected. The intergenic spacer trnQ-rps16 showed the most variation with 12 transitions, eight transversions and five indels identified in 851 bp of sequenced product. Data obtained by combining the three sequenced DNA regions (total 1930 bp including gaps) resulted in the identification of 30 haplotypes from a total of 203 samples (Table 2 ). The most prevalent haplotype, H5, occurred at a frequency of 15.7%. Other haplotypes ranged in frequency from 0.49% to 15.3% (Table 2 ).
Phylogenetic analysis of haplotype relationships
Phylogenetic analyses of the combined sequence data resulted in the identification of two major clades corresponding to the north and south of the species distribution. The northern clade extended along the western coastline from Useless Loop in the north to Wambyn in the Perth area and the southern clade encompassed all other populations within the south-west. The southern clade showed a deeper level of genetic structuring than the northern clade, with three main clusters identified, two of them with very high support (Figure 2 ). The topology of the cpDNA sequence tree was similar to that generated by parsimony analysis of RFLP haplotypes (Supplementary Figure S1) .
The median-joining network of cpDNA sequence haplotypes illustrates a star-like phylogeny in the northern clade with the distribution of 14 haplotypes stemming from the widespread haplotype H7. In comparison, the southern clade had greater structure with a number of common haplotypes and derived haplotype groups (Figure 3) . A statistical parsimony network showed an identical topology to the median-joining network.
Population differentiation within both of the regions and across the entire distribution was high (Table 3) . Values of N ST were significantly higher than G ST across the entire region and within the southern clade, indicating phylogeographic structure.
Spatial distribution of haplotypes
The distribution of haplotypes was strongly correlated with geography. Within the northern clade, there was a common sequence haplotype (H7, 15.3%) that was widely distributed across seven populations along the coastline (Figure 1) . A region of high haplotype diversity among populations was identified in the Kalbarri-Shark Bay region along the mid-west coast.
Haplotypes within the southern clade showed greater spatial complexity in distribution. There were several common haplotypes clustered around the central wheatbelt (H2), south-eastern coastal (H9) and central-southern coastal (H5) regions (Figure 1 ). Within the southern clade, a region of high haplotype diversity was identified along the southern coastline from Betty's Beach in the west to Parmango in the east. There were also haplotypes with more restricted distributions located inland on granite and greenstone outcrops.
Haplotype and nucleotide diversity
Descriptive statistics averaged across all individuals and for individuals within the two clades using sequence data are listed in Table 3 . Haplotype diversity was higher in the southern, more structured clade. Parameters of neutrality and population size fluctuation were both non-significant for populations from the southern clade following coalescent simulations (Table 3) . For populations in the northern clade, the neutrality parameter Tajima's D was significant although Ramos-Onsins and Rozas R 2 was not. The observed mismatch distributions of haplotypes from both clades did not significantly depart from those expected under sudden demographic and spatial expansion models (all P SSD and P HRag 40.1) (Supplementary Figure S2) . Bayesian analysis of time to the most recent common ancestor indicated that haplotypes from the two clades coalesce at 2.24 Ma (95% hpd levels 1.2-4.2 Ma) using the slower mutation rate and 1.38 Ma (95% hpd levels 0.8-2.3 Ma) using the faster rate, placing the phylogeographic split of the northern and southern clade Major refugia in a biodiversity hotspot H Nistelberger et al
Species modelling
Given the distribution of the species, it was expected that rainfall and perhaps temperature would be important in defining the climate envelope. Preliminary modelling indicated two competing models that achieved area under the curve (AUC) scores of 40.76, these consisted of one or two variables related to rainfall, and both closely matched current distribution patterns with highest suitability of climate along the west and south coasts and lower suitability inland. The AUC for both models were very similar (the single-term model only resulted in an increase of 0.03) so the single-term model (AUC 0.755) based on Rainfall of coldest quarter was selected to project distribution back to LGM (Figure 4 ). The projected distribution at the LGM showed some contraction of the areas of greatest climatic suitability towards the west and south and elimination of lower suitability climatic areas inland. At the LGM, the coastline was approximately 30 km further west and south than at present, and projections show these areas to be generally climatically suitable for C. quadrifidus.
DISCUSSION
Phylogeographic analysis of the widespread shrub C. quadrifidus has revealed two major clades in the SWAFR, each with areas of high haplotype diversity indicative of the location of major refugia. These refugia occur along the mid-west and southern coastal regions where mesic conditions would have prevailed during arid periods of the Pleistocene and are consistent with areas of climatic suitability derived from species distribution modelling during projected LGM climatic conditions. Other areas of low haplotype diversity suggest expansion of the species from these refugial areas. Although areas of refugial habitat during Miocene and Pliocene aridification have been previously postulated in the SWAFR based on species richness and endemism (Gardner, 1944; Marchant, 1973; Hopper 1979; Hopper et al., 2006) , this study provides the first evidence from cpDNA data for the location of major refugia during the Pleistocene for a widespread plant species. It demonstrates a different response to major climatic fluctuations compared with other species with noncoastal distributions, where studies show evidence for multiple localised refugia and little widespread expansion (Byrne, 2008) .
Divergent clades
Despite the topographically subdued nature of the broad landscape of the SWAFR, there is evidence for clade diversification within this species that may have been driven by aridity that has increased since the Pliocene and intensified during the climatic fluctuations of the Pleistocene (Bowler, 1982; Hopper and Gioia, 2004; Martin, 2006) . The presence of two major clades in C. quadrifidus is consistent with higher level phylogenetic divergence, such as in Conostylis spp. (Hopper et al., 2006) , and with intraspecific phylogeographic patterns identified in other species in the region (see studies cited in Byrne, 2007 Byrne, , 2008 . Like the phylogeographic patterns in the above species, the current distribution of the C. quadrifidus clades are not defined by specific topographical features and, although the clade boundaries vary between species, they generally occur along a north-west to south-east axis that broadly correlates with transition zones between mesic and more arid environments. Similar spatial structuring of genetic clades both in the absence of, or in conjunction with, topographical barriers has been noted throughout southern Australia in both flora and fauna (Byrne et al., , 2011 , emphasising the Figure 4 Location of herbarium collections of Calothamnus quadrifidus and species distribution modelled using Maxent under (a) current climatic conditions and (b) Last Glacial Maximum conditions projected using CCSM estimates. Colours depict probability of presence based on logistic outputs, pale blue low (0-0.2) to orange high (0.6-0.65). Land extent during LGM shown in both maps.
Major refugia in a biodiversity hotspot H Nistelberger et al influence of long timescales and climatic variation in driving genetic differentiation even in the absence of topographical barriers to gene flow.
Northern refugium
The two clades showed evidence of contrasting evolutionary histories with differences in haplotype structuring and genetic diversity. The northern clade, characterised by a star phylogeny, exhibited a high number of localised haplotypes centred about the Kalbarri-Shark Bay region, with lack of phylogeographic signal in this area due to the presence of unrelated haplotypes within populations, and distribution of a common haplotype along the coast to the south. This pattern suggests the presence of a refugium around the Kalbarri-Shark Bay region, and an area of expansion in the south of the distribution. The
LGM species distributional modelling showed that climatic suitability for the species was maintained in the Kalbarri region, along the coast and off the current coastline in the mid-west. The Kalbarri area is characterised by an unusual series of gorge systems that provide environments likely to have facilitated the persistence of species throughout periods of climatic stress. In addition to the presence of specialised habitats, the coastal environment of the region would also have provided a buffering effect from the drying climate (Marchant, 1973; Hopper, 1979; Hopper et al., 2006; Byrne et al., 2008) . The Shark Bay region is a centre of endemism characterised by high species richness and has been previously hypothesised to have been a refugial area (Keighery et al., 2000) . The high haplotype diversity observed in C. quadrifidus within this region provides support for this hypothesis. The broader distribution of one haplotype in the south of the current clade distribution implies expansion southward along the coast from this refugium. This spatial signature of expansion was supported with tests of neutrality as well as tests of spatial and demographic expansion using mismatch distributions. The species distribution model at the LGM supported moderate climate suitability along the western coastline. Thus the time of expansion may not be since the LGM but could have occurred earlier during previous interglacial cycles with subsequent persistence of an ancestral haplotype in this area. Within the northern clade, one haplotype (H22) was highly divergent from the others and was restricted to the Wongan Hills area, 200 km north-east of Perth in a population that is morphologically consistent with the more widespread C. quadrifidus subsp. angustifolius that occurs on the surrounding sandplain. In addition, the one geographical anomaly in the clade distribution was the southern clade haplotype present in the subsp. asper population that occurs in the Wongan Hills area. This area is characterised by a complex soil profile and a series of greenstone outcrops that exhibit high floral diversity. Populations in this region may have persisted in isolation on these outcrops throughout fluctuating climate cycles, and such isolation would lead to divergence over time. There was no evidence of subsequent haplotype expansion from these populations.
Southern refugium
In contrast to the northern clade, the southern clade was more genetically diverse and exhibited greater phylogeographical complexity, seen in the significantly higher N ST than G ST and in the high support for intra-clade clusters in the phylogenetic tree. The majority of this diversity was located along the southern coastline with areas of lower diversity found in the inland regions. Several divergent haplotypes were centred on areas at the eastern and western extremes of the clade distribution. The LGM species distributional modelling showed that the areas of climatic suitability for the species contracted south and highest areas of suitability occurred off the current southern coastline and in the western area. Note that a large part of the area in the west of the southern region is forested and, although it is identified as climatically suitable, it does not support C. quadrifidus. The south coast region is characterised by high species richness (Hopper and Gioia, 2004) , and some studies have identified high genetic diversity in species that occur in higher elevation areas in the ranges that occur along the coastline, for example, trapdoor spiders (Cooper et al., 2011) , assassin spiders (Rix and Harvey, 2012) and the plants, Acacia verricula (Byrne et al., 2001) and Banksia brownii (D. Coates unpublished data). The high differentiation of haplotypes along the coastal region in C. quadrifidus is consistent with persistence in isolated patches along the current coastline. The widespread distribution of Haplotype 5 from the southern coast across to the Perth area occurs in areas that appeared to maintain suitable climate at the LGM. This suggests expansion may have occurred earlier than the LGM or that factors other than climate may have influenced persistence through these time frames.
The low haplotype diversity north of the south coast provides evidence of inland expansion that is also supported by signals of expansion in tests of mismatch distributions. Expansion of two different haplotypes inland suggests that either these re-colonisations occurred at similar times but from different populations or that they occurred from similar areas but across different time frames. However, the species distribution model suggests the inland areas did not maintain suitable climatic conditions at the LGM providing support for the hypothesis of expansion of the species into these areas after the LGM from isolated patches along the coastline.
The divergent haplotypes located in the extremes of the distribution were present in populations that were restricted to the greenstone/granite formations in the east (Bencubbin, Tandagin, King Rock, Diggers Rock; C. quadrifidus subsp. petraeus and subsp. seminudus) and on ironstone formations in the west (Negus, Boallia; C. quadrifidus subsp. teretifolius). The greenstone/granite and ironstone formations are specific habitats that retain mesic conditions during more arid phases . The LGM climate projections suggest the area of the ironstone formations in the west retained suitable climate. In contrast, the climate modelling showed unsuitable LGM climate conditions in the eastern area, suggesting that greenstone/granite formations have facilitated long-term persistence of this species in this area. Opportunities for expansion from these areas of specific habitat may be more limited, and there was no evidence in C. quadrifidus that expansion has occurred from these populations.
Morphological variation
The C. quadrifidus complex is morphologically variable but shows consistent geographical patterns. Depending on the historical drivers, it would not be expected that all morphological variation would be reflected in phylogeographic patterns, although some of the major influences might be detected. However, there is broad congruence between the phylogeographic patterns and the morphological variation recognised in the recent revision of this species (George and Gibson, 2010) . Haplotypes were specific to subspecies with the exception of one central haplotype that was shared between the widespread subsp. quadrifidus and the restricted subsp. seminudus at one population. C. quadrifidus subsp. asper, which was previously recognised as a separate species and sunk as a subspecies in the taxonomic revision, is genetically embedded in the species complex and is not as divergent as the closely related outgroups C. rupestris and C. sanguineus. With the exception of the widespread C. quadrifidus subsp. quadrifidus, morphological subspecies were confined to either the northern or southern genetic clades, suggesting that their differentiation occurred after divergence of the clades. Subspecies quadrifidus is morphologically variable, but division within this subspecies was not able to be defined on morphological traits. The identification of two genetic groups within this subspecies provides a basis to revisit this evaluation to see whether subtle morphological characters exist that support further separation. Analysis of nuclear genetic diversity within this subspecies may also assist in resolving the complexity.
The northern clade largely corresponds to C. quadrifidus subsp. obtusus, subsp. homalophyllus and subsp. angustifolius, with all three subspecies occurring in the putative refugial area. This current phylogeography at the broad scale does not give any indication of drivers of diversification among these subspecies. The single widespread haplotype (H7) occurs in a number of subspecies, and its central position in the network suggests incomplete lineage sorting of haplotypes from a common ancestor, although admixture may also be a possible explanation. The southern clade includes the widespread subsp. quadrifidus (also found in the southern edge of the northern clade), represented by the widespread haplotypes (H5, H9 and H6), as well as the more eastern subsp. petraeus and subsp. seminudus and the outlying restricted subsp. teretifolius and subsp. asper that is geographically restricted to a steep slope in the Wongan Hills area. Neither subsp. petraeus nor subsp. teretifolius share haplotypes with other taxa, consistent with their geographic isolation and habitat specificity. Habitat specificity may have contributed to diversification of subsp. teretifolius, petraeus and seminudus. The general pattern of congruence in the patterns of haplotype diversity and morphological differences provides support for hypotheses of historical processes being a major driver of speciation (Hopper, 1979; Hopper and Gioia, 2004) .
cpDNA intraspecific phylogeographic patterns Intraspecific phylogeographic analysis in southern Australia has been very informative in relation to evolutionary patterns and process. Early phylogeographical studies of plant species in this landscape were undertaken using RFLP technology. The general congruence between the RFLP and sequence data sets in resolving clade relationships in this species enables valid comparisons with previous studies using RFLP methodology (see studies cited in Byrne, 2007 Byrne, , 2008 .
Although the distinction of two genetic clades in C. quadrifidus is similar to that detected in other species (Byrne, 2008) , the distribution of haplotype diversity in this species is in contrast to other species where haplotype diversity shows a pattern of localised and highly specific geographic distribution that is indicative of localised, dispersed 'micro' refugia distributed throughout the species range (Byrne, 2008) . The reasons for these different patterns is not clear but may be related to species biology or habitat specificity. The identification of major refugia in this study may be, in part, because for the first time we have targeted a species with a wide distribution that covers almost the entire SWAFR, including the coastal regions.
CONCLUSIONS
This is the first molecular evidence for major refugial areas in SWAFR, on the mid-west coast and along the southern coast, and contrasts with previous studies that showed evidence for multiple localised refugia throughout species distributions. Phylogeographic analysis of C. quadrifidus revealed two genetic clades to the north and south of the species' distribution that are estimated to have diverged in the Pleistocene. The two clades show evidence of contrasting evolutionary histories, with the northern, less structured clade possessing a geographically restricted core of genetic diversity centred on the mid-west coastal region of Kalbarri-Shark Bay, a suspected refugium for the species. The southern, more structured and diverse clade showed high levels of genetic diversity along the wetter habitats of the south coast, which may indicate a broad refugial area. Identification of response to historical processes has important implications in future conservation efforts as the identification of refugia, and the genetic diversity they harbour, enables these areas to be targeted for protection in climate change adaptation strategies (Keppel et al., 2012) .
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